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Abstract

This study aimed to formulate antibacterial dental adhesives. Phosphate-substituted
methacrylate adhesives were modified with 0-20 wt% copper-doped glass microparticles. Two
shapes of microparticles were used: regular-shaped (microspheres) and irregular-shaped
(microparticles). The morphology/composition, roughness, monomer conversion (DC%),
thermo-gravimetric analysis and antibacterial action against S. mutans and P. aeruginosa and
ion release were investigated. The results showed that microspheres produced adhesives with

a relatively smoother surface than microparticles. The DC% of adhesives increased with


mailto:ifty.ahmed@nottingham.ac.uk

increasing glass filler content. Filled adhesives showed polymer decomposition at ~315 °C and
glass melting at 600 — 1000 °C. The weight loss% of adhesives decreased with increasing the
wt% of fillers. 0-20 wt% glass microparticles significantly increased the antibacterial action of
adhesives against both bacteria. 0-5 wt% glass microspheres significantly increased the
antibacterial action of adhesives against both bacteria. Only 20 wt% microparticles-filled
adhesive showed a similar inhibition zone to Tobramycin (positive control). Microparticle-
filled adhesives (with >5 wt% filler) significantly reduced S. mutans than their microsphere
counterparts. Microsphere-filled adhesives (with <5 wt% filler) significantly reduced P.
aeruginosa than their microparticle counterparts. Microspheres-filled adhesives showed
higher Cu release than their microparticles counterparts. Accordingly, phosphate-substituted

methacrylate filled with glass could be used as antibacterial adhesives.

1. Introduction

Failure of dental restorations is usually caused by micro- M or nanoleakage [? at the restoration-
tooth interface. The need for a biological seal at the tooth-restoration interface is therefore a
priority. Since the adhesive is the weakest link in dental restorations [, its modification to

remineralize defective dentin could play a major role in the success of dental restorations.

To produce a biological seal, several attempts have been done to incorporate antibacterial agents
into dental adhesives. These agents include dimethylaminododecyl methacrylate (DMADDM)
(41 quaternary ammonium salt ©! and chlorhexidine [6l. Most of these, however, can bind to
dental adhesives (eg, DMADDM) and thus, their release can be limited. On the other hand, a
significant release over a short period of time could occur with other agents (eg, chlorhexidine).
In such cases, a reduction in mechanical properties will be expected. The need for an

antibacterial agent that shows a long sustained release will, therefore, be of significance.



Bioactive phosphate-based glasses found great interest as fillers in composites for potential
dental applications [, They are degradable. Their degradation can be easily controlled to vary
from hours to years according to their composition l. They release ions e.g. calcium and
phosphate [ that could potentially help in tooth remineralization. They can be doped with
various oxides to impart different properties. For example, antibacterial actions can be
introduced into these glasses by incorporation of oxides such as silver %, copper 1 and zinc
[2 They can be prepared into different forms e.g., regular-shaped particles (microspheres)
141 and irregular-shaped particles (microparticles). Unlike irregularly shaped particles,
microspheres have a uniform shape and size. They, therefore, could improve the stiffness,
impact resistance and surface finish of composites 1. They also provide a comparatively larger

surface area required for therapeutic coatings and ion release 231,

This study aimed to incorporate different wt% of copper-doped phosphate glass microparticles
or microspheres into an experimental hydrophilic, phosphate-substituted methacrylate adhesive
[151 _ See Figure 1. The action of glass fillers on morphology, surface roughness, monomer
conversion, thermal properties and antibacterial action of experimental adhesives was
considered. The null-hypothesis was “there is no difference between glass-filled and unfilled
adhesives regarding their morphology, the degree of monomer conversion, thermal properties

and antibacterial action”.

2. Experimental Section

2.1. Co-monomer

The experimental adhesive co-monomer used in this study is composed of 40 wt% 2,2-bis[4-
(2-hydroxy-3-methyacryloyoxypropoxy)]-phenyl  propane (BisGMA), 30% Bis-[2-
(methacryloyloxy)ethyl] phosphate (BisMP), 28.75% 2-hydroxyethyl methacrylate (HEMA),

1% 2-ethyl-4-aminobenzoate (EDMAB) and 0.25% camphorquinone (CQ) %1 — Table 1 (a).



2.2. Copper-Doped Phosphate Glasses

Copper-doped phosphate glasses, having the formula of 50P20s-30Ca0-10Na,O-10CuO, were
prepared by melting an appropriate amount of NaH2PO4, CaHPO4, P20s and CuO or CuSO4
(Sigma-Aldrich, UK) — Table 1 (b). The mix was melted at 1150 °C for 90 minutes using a
100 ml volume platinum-5% gold crucible. The crucible containing the precursors was first
dried at 350°C for 30 min prior to melting. The molten glass was then poured into a metal mould

and allowed to cool down to room temperature to obtain the bulk glass.

The bulk glasses were ground into microparticles utilising a ball milling machine (Retsch
PM100) and then sieved into size range of 30-125 um. For the preparation of microspheres, the
sieved microparticles were fed into the oxy-acetylene flame of a thermal spray gun
(Metallisation Ltd, UK) using a hopper feeding system, as described elsewhere (61, Post-
manufacture, the microspheres were collected from the collection tube, washed with ethanol

and dried overnight at 50 °C— Figure 2 (a).

2.3. Experimental Adhesives

Glass microspheres or microparticles were added to the adhesive co-monomer at 0, 2.5, 5, 10
and 20 wt%. The resultant adhesives were coded as shown in Table 2. After mixing, the
produced adhesives were then pressed between two acetate sheets to produce very thin films
(~1 mm thick). Using the acetate sheets also exclude the atmospheric oxygen that could
interfere with the polymerization reaction. Then curing was done using the visible light curing
unit (Triad 2000, Dentsply, USA) for 120 s. The unit operated at 115 V-2.3 AMP and 50-60 Hz

frequency — Figure 2 (b).

2.4. Electron Microscopic Analysis/Energy Dispersive X-ray Microanalysis



The surface topography and cross-sectional morphology of unfilled and filled adhesives were
characterised using scanning electron microscopy (SEM - Philips XL30, FEI, USA) at an
accelerating voltage of 20 kV. A sputtered coating of Au was used to avoid image distortion

due to charging.

The composition of glass microparticles and microspheres was analysed using energy
dispersive X-ray micro-analysis (EDX) (Inca 400 EDX, Oxford Instruments Analytical,
Abingdon, UK). Analysis was performed using a 20 kV beam and a large spot size. Samples
were placed on carbon stickers and analysed. The weight and atomic percentage of each
elements were used to calculate the mol% of CaO, CuO, P20s and Na;O as given in the

following equation.

Weigth%/Molar Mass of Oxide
Total Mol

Mol % = ( )xlOO

2.5. Nanomechanical Properties Mapping

Surface mapping of nanomechanical properties of samples (n=3) was investigated using
PeakForce QNM (Multimode 8, Bruker, Santa Barbara) under tapping mode. Samples were
mounted on magnetic holders fixed on the microscope stage. Samples were scanned using a
silicon tip (RTESPA-300) with a spring constant of 40 N.m™ and frequency of 300 kHz. For
each sample, at least three areas of 10x5 um? were probed. The filler distribution and

topography of each sample were obtained from the recorded maps.

2.6. Degree of Conversion (%)

The degree of co-monomer conversion (DC%) was measured using ATR-FTIR spectrometry
(Perkin Elmer Series 2000, UK). FTIR of co-monomer and cured polymers were obtained at 37
°C after being centrally positioned on the Golden Gate Single Reflection Diamond ATR.
Spectra at 500-4000 cm™ were obtained using Timebase software with a resolution of 4 cm™.

The degree of conversion (%) was calculated (n=3) from the following equation 17,



DC% = {1' [Caliphatic/ Caromatic] / [Ualiphatic/ Uaromatic]} x 100
Where Caliphatic and Caromatic are areas of absorption C=C peaks at 1637 and at 1608 cm™* of the
polymerized specimen respectively. Whereas Uaiiphatic and Uaromatic are areas of absorption C=C

peaks at 1637 and 1608 cm™ of the unpolymerized specimen, respectively.

2.7. Thermal Analysis

Simultaneous differential scanning calorimetry (DSC) and thermogravimetric (TGA) analysis
for the adhesives were conducted over 25-600 °C using a TA Instruments SDT Q600. Thermal
analysis was carried out under 100 mL min™ nitrogen gas flow and 10 °C min! heating rate.
For the glass fillers, a higher temperature range (25-1000 °C) was used. For background
correction, a blank run was conducted using an empty platinum pan. The heat flow and weight
loss (%) of adhesives (~15 mg) were recorded against temperature. Data acquisition and

processing were performed using TA Universal analysis 2000 software.

2.8. Agar Diffusion Assay

The antibacterial action of the experimental adhesives was tested against caries associated
bacteria (S. mutans NCTC 10449) and opportunistic pathogen (P. aeruginosa ATCC27853)
using disc diffusion assay [*8. The original stock of S. mutans or P.aeruginosa was maintained
on brain heart infusion agar (BHI agar, Sigma-Aldrich, UK). S. mutans culture was carried out
in an anaerobic environmental chamber [N2:CO2:H, = 80:10:10, Don Whitley MG1000; Don
Whitley Scientific, Shipley, UK] at 37°C. P.aeruginosa culture was carried out in an aerobic
environmental chamber at 37°C. Samples were incubated without shaking. The assay was

repeated 3 times.

Cells of freshly grown overnight cultures of each bacteria were dispersed in phosphate buffered
saline (Sigma -Aldrich, UK) to obtain a standardized culture of approximately 108 cells.ml%. A
confluent layer of the standardized culture of each bacteria was spread on isosensitest agar (IST

agar Oxoid, UK). Discs (n=3 & diameter = 5mm) of experimental adhesives along with positive

(



control discs were placed on agar. 50 pL of 0.2 % chlorhexidine digluconate (CHX, Oxoid,
UK) and 225 ppm fluoride [F, FluoriGard, Colgate, UK] solution loaded onto a blank Oxoid™
Blank Antimicrobial Susceptibility Disks were used as positive controls for S. mutans
experiment. Tobramycin (10ug, OxoidTM Basingstoke, UK) discs were used as positive
controls for P. aeruginosa experiment. The diameters of any zones formed around the discs

were measured in millimetres using a calliper.

2.9. lon Release Measurements

A 5 x 4 mm2 sample from each experimental as well as unfilled adhesive was used for this
study. Samples (n=3) for each adhesive were immersed in 20 mL deionised water (dH20) at
37 °Cfor 1, 5and 7 days. Following each incubation, the samples were removed and transferred
to a fresh 20 mL of dH»O for further incubation. All effluent samples were stored at = 4°C until
required for analysis. Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES,
(Varian 720-ES), machine was used in measuring the ion concentration. Two sets of identical
calibration standard was prepared. This was done by diluting the ICP multielement standard
solution with 5 % Nitic acid solution. The standard was run every 50 samples to make sure that

the measurements were being done correctly.

2.10. Statistical Analysis

One-way analysis of variance (ANOVA) was used to test the significance difference between
groups. The t-test was used was used to compare the mean of each series from microspheres-
filled adhesives with its counterpart from microparticles-filled adhesives (eg, compare between

2.5CPMP and 2.5CSMP). The significance level was set at 0.5% and; SPSS 20 was used.

3. Results

3.1. Electron Microscopic Analysis



SEM images presented in Figure 3 (a) revealed the difference in morphology and size between
glass microparticles and microspheres. The size of microspheres varies from 60-200 um. The
size of microparticles varied from <60-200 um. It was difficult to accurately measure the lower
range of size of microparticles due to their agglomeration. As given in Table 3, the elemental
analysis of glass microparticles and microspheres showed that both forms have consistent
results regarding the element atomic % and oxide mole %. However the P>Os is much lower

than expected. This in turn pushes up the other values as it is a percentage.

The top surface morphology of unfilled and filled adhesives are presented in Figure 3 (b). The
unfilled adhesive exhibited a smooth blister-like surface texture. Microparticles-filled
adhesives showed the dispersion of some microparticles on the top surface of samples.
Microsphere-filled adhesives showed similar morphology to unfilled adhesives, but the blisters

were comparatively larger and regular due to the presence of the microspheres.

Cross-sectional SEM images of unfilled adhesives also revealed a smooth surface (indicated by
a green arrow). Microparticle-filled adhesives showed a comparatively rougher texture
(indicated by vyellow arrows). Microparticle-filled adhesives showed impregnation of

microspheres within the polymer matrix (indicated by red arrows) - Figure 3 (c).

3.2. Nanomechanical Properties Mapping

As shown from Figure 4, the unfilled adhesive had a relatively smooth surface. Addition of 2.5
wt% of the glass microparticles produced localized sharp protrusions of few hundreds of
nanometres to microns in size. Associated with these features, an increase in roughness was
observed. The number of these features increased with increasing the filler content. With a
microspherical glass filler, samples with 2.5 wt% filler showed the presence of a large number
of smooth ‘wrinkle-like’ structures. The surface remained relatively smooth with filler content

up to 5 wt%. A slight increase in roughness was only observed with samples containing >5 wt%



filler. This increase in roughness, however, was not statistically significant from the unfilled

adhesive - Table 2.

3.3. Degree of Conversion (%)

Generally, the DC% was not adversely affected by the presence of glass fillers. Only high wt%
of glass (>10 wt% microparticles or > 5 wt% microspheres) produced a significant increase in
DC%. There were no significant differences in the degree of conversion of formulations filled
with glass microspheres or microparticles. Only 5 and 10 wt% glass microspheres had a

significantly higher degree of conversion than their microparticle-filled counterparts - Table 2.

3.4. Thermal Analysis

As seen from Figure 5 (a), glass microspheres have a higher glass transition temperature
(~410 °C) than microparticles (~395 °C). They also have an earlier crystallization peak
(~570 °C) than microparticles (~605 °C). Only one melting peak was detected for microspheres
(~715 °C), but two were seen for microparticles (700 and 720 °C). As seen from Figure 5 (b),
the unfilled adhesive has only one exothermic peak ascribed to polymer decomposition at ~315
°C. Filled adhesives have additionally a very broad melting peak (600 — 1000 °C) for glass

microparticles or microspheres.

Upon heating the experimental adhesives, there is a significant weight loss that starts (25 —
270 °C) and ends (400 — 600 °C) gradually. Sharp weight loss was observed over 270 — 400 °C.
The unfilled adhesive showed the maximum weight loss %. Increasing the amount of glass

incorporated into the adhesive reduced the weight loss %— Table 2.

3.5. Agar Diffusion Assay
For antibacterial action against S. mutans, microparticles (up to 20 wt%) filled adhesives
showed significantly larger inhibition zone than unfilled adhesives. Microspheres (only up to 5

10



wt%) filled adhesives showed significantly larger inhibition zones than unfilled adhesives.
Regardless of this significant increase in antibacterial action, all experimental adhesives showed
significantly smaller inhibition zone than positive controls (Chlorhexidine and fluoride).
Regarding the glass powder shape and up to 5 wt%, there was no significant difference between
microparticles and microspheres filled adhesives. Microparticles filled adhesives with > 5wt%
showed a significantly larger inhibition zone than their microspheres counterparts — Figure 6

(a & b).

For antibacterial action against P. aeruginosa, all filled adhesives showed larger inhibition
zones than unfilled adhesives. The only exception is the adhesive filled with 2.5 wt%
microspheres that has similar inhibition zone to unfilled one — Figure 6 (¢ & d). Regardless of
this significant increase in antibacterial action, all tested adhesives showed significantly smaller
inhibition zone than positive controls (Tobramycin). The only exception is the adhesive filled
with 20 wt% microparticles that has similar inhibition zone to the positive control. Regarding
the glass powder shape, there was no significant difference between microparticles and
microspheres filled adhesives at > 5 wt%. At <5 wt%, microspheres filled adhesives showed

significantly larger inhibition zone than their microparticles counterparts — Figure 6 (¢ & d).

3.6. lon Release Measurements

Regarding Ca release, the experimental adhesives showed Ca release but not the unfilled
adhesive. Ca release increased with increasing the amount of glass fillers incorporated into the
adhesive regardless of the glass form. It was increased with time. The microspheres filled
adhesives showed higher release than microparticles filled counterparts. The highest release
was detected for 20 wt% microspheres filled adhesives — Figure 7 (a). Cu release showed

similar trend to Ca — Figure 7 (b).

Regarding Na release, both unfilled and filled adhesives showed Na release; the higher release

observed for the filled adhesives. No significant difference was observed between

11



microparticles and microspheres-filled adhesives — Figure 7 (c). Similar trend was also

observed for P release — Figure 7 (d).

4. Discussion
Elimination of nanoleakage at the tooth-restoration interface is very challenging. Formulating
an adhesive with both antibacterial (to inhibit the bacterial growth) and remineralizing actions

(to strengthen the remaining tooth structure) would be the ultimate goal in dentistry.

In this study, both experimental adhesive monomer and glass fillers are hydrophilic. With water
sorption, the release of ions (eg, calcium, phosphorous and copper) from the glass fillers would
be expected. Calcium and phosphates would potentially help in re-mineralization of etched
dentin particularly in those areas where the adhesive fails to penetrate. The copper, however,
could help in caries prevention due to its antibacterial action. This study aimed to investigate
the action of these glasses on surface roughness, the degree of monomer conversion, thermal
and antibacterial properties of the experimental adhesive. The re-mineralizing potential of these

experimental adhesives will be tested in the future.

Due to the hydrophilic nature of both experimental adhesive monomer and glass fillers, the
possibility of filler agglomeration and subsequent phase separation upon their mixing was
eliminated. The addition of glass microparticles or microspheres produced no significant
change in surface roughness when compared with unfilled adhesives. Therefore, there is no

reason to reject the null-hypothesis for surface roughness.

The degree of conversion is an important property in determining the effectiveness of the
adhesive. A low degree of conversion results in low stiffness and hence low bond strength 191,
The addition of high weight % of microparticles or microspheres significantly enhanced the

degree of conversion. This could indicate the proper dispersion of filler particles within the
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polymeric matrix 2%, Maintaining the homogeneity of filled adhesives could therefore be
responsible for the high degree of conversion obtained after the addition of fillers. When the
size of the filler particles approaches the wavelength of the curing light, a scattering of light
could occur. In such a case, a low degree of conversion will be expected. Since the size of glass
filler particles is far from the wavelength of the curing light, the degree of conversion was not
adversely affected in filled formulations 1. The glass has got a halo shape absorbance band
at 1640 cm™ due to CuO. This band is very close to the polymer peak (1637 cm™). Then, CuO
peak might be interfering with the 1637 cm™ polymer peak, but not interacting with it as the
1637 cm™ peak didn’t show any shifting. CuO peak just reduced the absorbance intensity of the
polymer peak (See-S1). This could be accounted for the high degree of conversion obtained
when high glass % where the intensity of CuO peak would be high. The degree of conversion
of the unfilled adhesive is similar to that obtained by Carneiro et al., (%21, 1t is, however, lower
than that obtained by Ito et al., !, This could be attributed to variation in the source and

intensity of light curing. Therefore, the null hypothesis for DC% can be rejected.

The glass transition temperatures represent the point at which a large-scale molecular motion
(primary or a-relaxation) will occur. Below the glass transition temperature, localized
molecular motion (i.e., secondary or B-relaxations) can be expected. At higher temperatures,
however, the flow of chains will occur. Therefore, the glass transition of any material used
intra-orally should be higher than the mouth temperature 2. The average glass transition
temperature of the glass filler is ~400 °C. The differences in glass transition, crystallisation and
melting temperature between microparticles and microspheres could be attributed to the
differences in thermal history and the particle size. Teixeira and Rincon 4 found that
crystallisation temperatures of SiO.-CaO-Na2O glass shifted to lower temperatures as the
particle size decreased. They also reported that the height of crystallisation peak would increase

as the particle size deceased. The microparticles were produced by grinding the melt-quenched
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glass. The microspheres, however, were obtained by flame spheroidization which involves high
temperatures. The surface area of microparticles is different from microspheres. The double
melting peaks of microparticles could be due to the small size of particles . Changing the
thermal history and the particle size has no influence on the glass composition. As confirmed
by EDX analysis, both glass microparticles and microspheres have similar composition. The
Mole % of P20s however was lower than the actual one. This in turn pushes up the values of
other oxides since all of them are presented as a percentage. This is not surprising as it is more
likely to lose some P.Os during glass preparation due to its volatile nature. Recently it has been
shown by Gupta et al. ™ that the surface chemistry of the flame spheroidised phosphate-based
glass microspheres of a particular size range (above 45 um) didn’t show significant differences
in their chemical compositions compared to microparticles. However, the smaller microspheres
(< 45 pum in diameter) produced from the same composition of microparticles revealed some
compositional differences due to the migration of the lighter elemental oxides towards the
surface due to their higher volatility. In this study, the microspheres utilised in the adhesive
films were in the size range of 60-200 um, therefore, negligible change in their surface
chemistry during the flame spheroidization process was likely. The presence of carbon from
polymer carbonization might be responsible for broadening of the melting peak of the glass
seen at 600-1000 °C. Addition of glass filler also reduced the weight loss %. This is expected
due to the reduction in wt% of the polymer. The first stage of weight loss could be related to
loss of residual ethanol and low molecular weight monomers eg, HEMA [*°l. The second and
third stage could be attributed to the decomposition of high molecular weight polymers [BisMP

and BisGMA respectively] 1,

For the antibacterial study, S. mutans and P. aeruginosa were used. S. mutans is a gram-positive
cocci and associated with caries . P. aeruginosa is a gram-negative, rod-shaped,

opportunistic multi-drug resistant bacteria. It is associated with root canal infection ?°! and
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biofilm formation 2”1, The antibacterial action of the experimental adhesive could be related to
the acidic nature of co-monomers used. Addition of glass fillers significantly enhanced the
antibacterial action. This could be related to the release of Cu from experimental adhesives as
shown from ion release data. The inhibitory action of copper was observed at a concentration
of 0.16 microM against S mutans [ and 0.1-0.8mg.L™* against P. aeurogenosa [?°1. Although
copper is vital as a cofactor of many enzymes, it could be toxic to bacteria via metal catalysed
protein oxidation and generation of reactive oxygen species 1. The antibacterial action of 10
and 20 wt% microspheres-containing formulations showed no significant difference compared
to the control adhesive. This could indicate that the level of copper release may be beyond the
minimal inhibitory concentration. As observed from ion release data, the level of Cu release
from both 10 and 20 wt% microspheres-containing formulations was 5.4+1.2 and 11.2+1.4 ppm
(i.e, beyond the minimal inhibitory concentration). The variation seen between microsphere and
microparticle filled adhesives could be related to the level of copper ion release. as As shown
from Cu release data, microspheres filled adhesives showed significantly higher Cu release after
1 day than microparticles filled adhesives. . Generally, the null-hypothesis for antibacterial

action will be rejected.

Characterization of these experimental adhesives in term of mechanical properties and adhesion
to dentin will be considered in future work. The changes in mechanical properties that could
occur over time and the glass filler could affect the penetration of adhesives into dentin will be
also considered. The comparison will be carried out relative to commercially available

adhesives as controls.

5. Conclusions
Incorporation of glass fillers (microparticles or microspheres) produced no significant change
in surface roughness or DC%. Only high wt% of fillers produced a significant increase in DC%.

Increasing the wt% of filler reduced the percentage weight loss. Furthermore, incorporation of
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glass fillers (up to 5 wt%) significantly increased the antibacterial action of adhesives against
S. mutans and P. aeruginosa. All tested filled adhesives, however, showed significantly smaller
inhibition zone than the positive controls. The only exception is 20CPMP that showed similar
inhibition zone to Tobramycin. Microparticles-filled adhesives (with >5 wt% filler)
significantly reduced S. mutans than microspheres counterparts. Microspheres-filled adhesives
(with <5 wt% filler) significantly reduced P. aeruginosa than microparticles counterparts.
Generally, microspheres filled adhesives showed higher Cu release than their microparticles
filled counterparts. The level of Cu release increased with increasing the glass filler content and

incubation time.
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Figure 1: Diagrammatic representation of the experimental adhesives showing both monomer
and glass microspheres components. The expected ion release involves Ca and P that will
potentially be responsible for remineralization of tooth. Cu could provide antibacterial action
at tooth-restoration interface.
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Figure 2: (a) Schematic representation of microspheres production using flame spheroidization
method. (b) Steps of preparation of experimental adhesives films.
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Figure 3: SEM images of: a) glass microparticles and microspheres. Microparticles have
irregular morphology and slightly larger range of sizes than microspheres. Red arrows refer
to some of the lower size range of particles (<60 um). b) top surface of experimental adhesives
produced using various weight % of glass microparticles and microspheres (scale bar 50 um).
Both unfilled adhesives and microspheres filled adhesives showed smooth blister-like surface
texture. The blisters were comparatively larger and regular in filled than unfilled formulations.
Microparticles filled adhesives showed the dispersion of some microparticles on the top surface.
c) cross-section of experimental adhesives produced using various weight % of glass
microparticles and microspheres (scale bar 200 um). Impregnation of microspheres in the
polymer matrix was observed.
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Figure 4: 3D images of the surface of tested formulations. The roughness increased with
increasing the glass filler content.
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Figure 5: Differential scanning thermogram of glass microparticles versus microspheres (a)
and unfilled adhesive (b).
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Figure 6: Inhibition zone (mm) for S. mutans (a & b) and P. aeruginosa (c & d) for all tested
adhesive formulations. CHX (chlorhexidine) and F (fluoride) were used as positive controls for
S. mutans study. T' (fobramycin) was the positive control for P. aeruginosa study. #, * +, [
show a significant difference from unfilled adhesives, CHX, F and T respectively. The
significant level was 0.05. For S. mutans, all filled formulations (except 10 & 20CSMP) showed
significantly larger inhibition zone than unfilled adhesives. They however have smaller
inhibition zone than fluoride and Chlorhexidine. For P. aeruginosa, all filled formulations
(except 2.5 CPMP) showed larger inhibition zone than the unfilled adhesives. They (except
20CPMP) however have smaller inhibition zone than Tobramycin. For s. mutans, >5 wt%
microparticles filled adhesives have significantly larger inhibition zone than microspheres
filled counterparts. For p. aeruginosa, <5 wt% microsphere produced significantly larger
inhibition zone than microparticles filled counterparts.
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Figure 7: Cumulative ion release data: (a) Ca, (b) Cu, (c) Na and (d) P in ppm.

Table 1: (a) Composition of the co-monomer (Mol% and structure of each component) used to
provide the matrix for the experimental adhesives. (B) Precursors used, oxides required for
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preparation of glass microparticles and microspheres (the filler phase of the experimental
adhesives) and mole% of each oxide.

(a) Co-monomer

Component Abbreviation Mol % Structure
2,2-bis[4-(2-hydroxy-3- BisGMA 19.6
methyacryloyoxypropoxy)]- O O
yacryloyoxypropoxy)] :(cozﬁ”o ‘ ‘oﬁﬂcozk
phyenyl propane OH OH
Bis-[2-(methacryloyloxy)ethyl] BisMP 23.4 o i -
phosphate CHzfcfafO—CH;CH;—szHfo i, CHz — 1 C—CH;
2-hydroxyethyl methacrylate HEMA 55.5 NP~
2-ethyl-4-aminobenzoate EDMAB 1.2 o rCH3
ij e
HzM
Campherquinone CQ 0.4 H,C CHy
é%o
HiC N\
(0]

(b) Copper-do

ped phosphate glass microparticles or microspheres

Precursors Used/Chemical

Oxides Required /Chemical

Oxides Mole %

microparticls or Copper

oxide/CuO for microspheres

Formula Formula
Phosphorous pentoxide/ P20s Phosphorous pentoxide /P2,0s 50
Calcium hydrogen phosphate/ Calcium oxide/CaO 30
CaHPO,
Sodium dihydrogen Sodium oxide/Na2O 10
phosphate/NaH,PO.
Copper sulphate (CuSO4) for Copper oxide/CuO 10

Table 2: Codes, filler wt%/filler form, description, roughness (RQ & Ra), degree of monomer
conversion (DC %) and weight loss % of experimental adhesives used in this study. * refers to
statistical significance difference from the control (P). Significance level 0.05.
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Codes Filler wt%/Filler Description Roughness (nm) DC% Weight Loss
Form %
RQ Ra
P 0/NA polymer (unfilled 194 +4.6 152 +3.2 447+29 69
adhesive)

2.5CPM 2.5/microparticles copper-glass 26.6 + 8.2 19.1+54 46.7+2.7 66

P microparticles

5CPMP 5/ microparticles modified adhesive 27.9+6.7 209 +4.7 415+2.0 65

10CPMP 10/ microparticles 179+6.5 141+5.8 444 £2.1 64

20CPMP 20/ microparticles 196+7.0 155+5.8 57.0 £ 2.8* 60

2.5CSM 2.5/microspheres copper-glass 19.8+6.6 155+5.3 445+ 3.1 65

p microspheres

5CSMP 5/ microspheres modified adhesive 170+ 2.4 133+17 495+23 64

10CSMP 10/ microspheres 20.9+10.1 166+8 55.7 + 2.9* 61

20CSMP 20/ microspheres 153+1.2 112+11 56.3 + 3.0* 55

Table 3: Element (Atomic %) and oxid (Mole %) for both glass microparticles and
microspheres as detected by EDA analysis.

Elements (Atomic %) Na p Ca Cu
. . AVE. 14.6 63.3 17.0 5.1
Microparticles
SD. 1.2 1.1 1.1 0.8
. AVE. 13.7 64.7 16.8 4.8
Microspheres
SD. 1.2 0.5 1.4 1.4
Oxide (Mol %) Na:O P20s CaO CuO
. . AVE. 15.3 39.0 34.2 115
Microparticles
SD. 1.4 1.3 1.8 1.7
. AVE. 145 40.3 344 10.8
Microspheres
SD. 1.5 1.1 2.6 3.2
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Diagrammatic representation of the experimental adhesives showing the monomer components
used in the preparation as well as the glass microspheres. The expected ions release (eg, Ca
and P that will potentially be involved in remineralization of tooth and Cu that could provide
antibacterial action) at tooth-restoration interface.
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